A possibility of the electron phase transition into cyclotron superradiance mode in a vicinity of the Io flux tube foot in the Jovian magnetosphere has been considered. A high power of cyclotron superradiance allows it to be considered as the main mechanism of decameter Jupiter radiation generation in the form of S-bursts. It was found that the downward electron beams emitted by Io are able to create electric double layers in the form of shock waves. Such waves, when moving along the flux tube, accelerate electrons in the magnetosphere. As a result, the temperature of the electron plasma component decreases considerably. The emerging upward electron beams create conditions favorable for the phase transition into the cyclotron superradiance mode to take place. K e y w o r d s: magnetosphere, superradiance, double layer, plasma.
Introduction
Jupiter is a powerful source of the non-thermal radiation emission in the solar system with intense bursts in the decameter wavelength interval. Short bursts of decameter radiation (S-bursts) attract attention of scientists because of such interesting characteristics as a high brightness temperature that reaches ∼ 10 7 K, a quasiperiodic structure, and a correlation between the probability of the burst emergence and the position of Io, the Jovian satellite [1, 2] .
According to observation data, the source of Sbursts is located near the foot of the Io magnetic flux tube in the Jovian ionosphere [1, 3] . A negative frequency drift of the bursts indicates that the source activity is associated with electron fluxes that move upward from Jupiter into a region with a weaker lo- cal magnetic field. At present, there is no generally accepted model of S-burst source.
According to the existing concepts concerning the Jovian magnetosphere, the fluxes of high-energy electrons are formed as a result of the acceleration by the induced electromagnetic force of the Jovian satellite Io (of about 400 keV) and move toward Jupiter along the force lines of the magnetic field, forming the Io flux tube. These fluxes of charged particles are accelerated between the satellite and the planet, and generate aurorae near the magnetic poles of the planet. The Io tube foot looks like a bright spot in the ultraviolet spectral interval on the Jupiter surface [4] . Note that NASA's Juno spacecraft reached the Jovian orbit in 2016. This apparatus has tools for measuring the direction and energy of charged particle fluxes. The data obtained from Juno showed that the character of electron fluxes over the Jovian poles differs significantly from those predicted in the framework of available models of the Jovian magnetosphere. In particular, upward electron fluxes were also discovered over the polar caps [5] .
In works [6] [7] [8] [9] [10] , a model was proposed that describes the generation of a powerful decameter radiation in the Jupiter-Io system. It is based on the effect of the Fomin-Dicke collective coherent cyclotron superradiance. The superradiance phenomenon was predicted for the first time for solids in work [11] . In works [6, 7] , its possibility was substantiated for a system of inverted electrons at high Landau levels in rarefied magnetized plasma. In this case, the electron energy is quantized,
where = / ( ) is the cyclotron frequency, and ≫ 1 is the ordinal number of the Landau level. It was shown that there is a polarization phase transition into the cyclotron superradiance (CSR) state within "coherence domains" whose dimensions are much smaller than the cyclotron radiation wavelength, 0 ≪ , and whose concentration of inverted electrons exceeds a certain threshold value . Namely, due to the dipole-dipole interaction, the dipole moments of electrons, which rotate at the frequency in a domain, become cophased with respect to their directions. As a result, the intensity of their collective coherent radiance becomes proportional to the square of their number.
From an equation of the Weiss type for the determination of the spontaneous domain polarization, a criterion of the phase transition into the CSR mode was found:
where is the electron concentration, the electron temperature, and¯⊥ a characteristic transverse energy of electrons. The SR mode is possible, if ≫ 1.
The essence of the model proposed for the source of S-bursts is as follows. The accelerating potential of Io creates fluxes of high-energy electrons, which move along the Io flux tube toward Jupiter. When those fluxes interact with planet's ionosphere, there arise upward electron beams, probably as a result of the formation of double electric layers in the magnetized plasma of the Jovian magnetosphere. In their turn, the electron bunches, when rising upward along the Io tube at a rate that determines the negative drift magnitude of the decameter S-spectra, transit into the CSR state and emit coherently.
The parameters of upward beams, in particular, their temperature and concentration, are crucial for the model of S-burst source, because they determine a possibility of the phase transition into the CSR mode. At present, the precise position of the active region, where the decameter radiation bursts are generated, and the conditions in this region are unknown. Assuming the temperature ≈ 10 3 K and the transverse energy¯⊥ ≈ 1 keV [8] , we obtain that the critical electron concentration, above which the CSR will occur, is equal to about 2 × 10 3 cm −3 . Although such values seem plausible for the Jovian magnetosphere, a sufficient excess of the electron concentration over the critical value is required for the SR mode to be effective. Hence, the search for mechanisms that could provide a better quality of upward beams satisfying criterion (2) remains to be a challenging task.
In this paper, we considered processes that could improve conditions for the realization of the CSR effect near Jupiter. In Section 2, the influence of the acceleration undergone by upward electron beams in the plasma double layers on the realization conditions of the CSR effect is considered. In Section 3, a possibility of the formation of double layers with required parameters as a result of the interaction between downward electron fluxes in the Io tube and the plasma of the Jovian ionosphere is discussed.
Influence of the Acceleration on the CSR Criterion
Let us consider the processes that can facilitate the electron transition into the CSR mode in the burst source region. For simplicity, we assume that the magnetic field completely suppresses the transverse motion. As a result, a simple one-dimensional model can be used to describe the phenomena in plasma in the flux tube.
The so-called electric double layers [14] [15] [16] [17] [18] [19] [20] [21] are known to play an important role in the processes running in the magnetospheres of planets. The double electric layer is a plasma region with a violated quasineutrality. The spatial charge separation in this region results in the appearance of a local electric field. The mechanisms governing the formation of double layers are quite diverse [15] . In particular, ion-acoustic and shock waves in plasma can create a finite potential difference. In work [14] , it was shown that the Vlasov and Poisson equations have a purely electrostatic solution, which looks like a shock wave with a monotonically increasing potential, and it is stationary in the comoving reference frame.
The electric field in the double layer can accelerate electrons in the magnetospheric plasma. Due to the electrostatic acceleration, the effective temperature of an accelerated beam is reduced. This phenomenon is well known in the physics of accelerators, in particular, in the electron cooling problems [12, 13] . Note that the resulting velocity distribution differs from the Maxwellian one. Nevertheless, we may talk about the effective temperature that is defined as the distribution dispersion:
= ( 2 −¯2)/2. Since the criterion of the CSR mode realization is inversely proportional to the temperature, the cooling of the electron plasma component favors the transition into the superradiance mode. Really, superradiance emerges owing to the cophasing of electrons rotating around the force lines of the magnetic field. Thermally induced chaotic collisions evidently hinder this process. Therefore, the transition into the CSR mode is possible only if the temperature is low enough.
On the other hand, according to the continuity equation, the concentration of accelerated electrons decreases, which interferes with the CSR. But the competing cooling and concentration reduction effects depend differently on the accelerating potential 0 . Hence, generally speaking, the electrostatic acceleration in the double layer may be beneficial for the CSR, depending on which of the processes dominates.
For a more detailed analysis, we calculated how the quantity / characterizing the electron component of the magnetospheric plasma depends on the shock wave parameters: the shock wave velocity and the accelerating potential in the double layer. Figure 1 exhibits a contour plot of the ratio / 0 in the ( 0 , )-plane. For a fixed velocity value, the / 0 -magnitude monotonically grows together with 0 . One can see that the effect is maximum at a drift velocity (the shock wave propagation) that is approximately equal to the thermal velocity of plasma electrons, ≈ . Note that is a characteristic velocity of electrostatic waves in plasma. Hence, the effect is the most pronounced in the characteristic interval of wave propagation velocities in plasma. The effect intensity depends on the characteristic values of the potential in the double layers. The analysis of their properties is carried out in the next section.
Mechanism of Double Layer Formation
Although the precise position of the source of decameter radiation bursts is unknown, it is generally accepted that the source is located in the region of the Io flux tube foot. It is natural to assume that the required shock waves are formed as a result of the interaction between the Jovian magnetosphere and electron beams accelerated by the Io potential along the flux tube in the direction to the Jovian poles. In particular, in work [14] , it was shown that the Vlasov and Poisson equations admit a purely electrostatic formation mechanism of a shock wave with a monotonic potential.
Let us apply the method of work [14] to analyze possible accelerating potential values. For this purpose, we should change to the reference system comoving with the shock wave. In this system, the picture is stationary. Let us consider the laminar mechanism of double layer formation with a potential that monotonically increases from = 0 at = −∞ to a certain value 0 at = +∞. For simplicity, we consider only the electron component. The ions are assumed to be uniformly distributed in the space,
We also assume that the distribution function of the electron component depends only on the total energy
where is the elementary charge. Let us introduce two components of the electron distribution according to the sign of the total energy . Electrons with positive energies can overcome the potential barrier of the double layer; they constitute the free component. Electrons belonging to the trapped component have a negative total energy, and they can only be to the right from the potential change (Fig. 2, lower panel) .
It is natural to identify the free component with magnetospheric electrons and put their distribution function at = −∞ to be equal to the equilibrium one. Hence, the free component concentration equals
where the drift velocity corresponds to the shock wave velocity along the Io flux tube. By expressing the velocity in terms of the energy , we can find the electron distribution at an arbitrary point :
Here, the notation = sign( ) = ±1 is used, and the velocity satisfies the condition | | > , where
The concentration at an arbitrary point can be easily calculated by integrating Eq. (6) over the velocity . Changing to the dimensionless velocity = / , we obtain
Note that the concentration ( ) is an implicit function of the coordinate, so that it can be considered as a function of the potential ( ). For the convenience of further calculations, let us change to the integration over the interval [0, ∞) by changing to the variable = − . Then
where the dimensionless variables
are introduced, and D is the Debye radius. The trapped component concentration as a function of ( ) can be expressed in the form
Note that, according to our assumption, the electron distribution function depends only on the total energy. Therefore, the function ( , ) is an even function of the velocity . Let us take advantage of the Poisson equation
In terms of the dimensionless variables (10), taking into account that
and after simple transformations, it can be rewritten in the form
where the following notations are introduced:
Note that, at this stage, the form of the potential dependence on the coordinate and cdistribution function of the trapped component remain uncertain. In Fig. 2 . Phase portrait of the double layer. The bottom panel illustrates the potential profile of the double layer Fig. 3 . Limiting distributions of the free and trapped plasma components in the regions before and behind the shock wave particular, in work [14] , it was shown that, with certain restrictions, can be taken arbitrary. Depending on the choice of , Eq. (13) has different solutions for the potential Ψ( ). The specific potential profile depends on the double layer evolution and cannot be unambiguously determined in the framework of the stationary model.
Assuming that is a physically feasible distribution of the trapped component, and Ψ( ) is a monotonic solution of Eq. (13), which satisfies the conditions Ψ(−∞) = 0 and Ψ(+∞) = Ψ 0 , it is easy to find the distribution itself by considering definition (14) as an integral equation for . As was marked in work [22] , Eq. (14) is an Abel integral equation. Its solution is
Below, we will use a model potential Ψ( ), which will allow us to determine the distribution function of the trapped component. Let the potential be given in the form
where is a free parameter that determines the double layer width. For general reasons, the expected value of can amount to a few Debye radii. Let us determine the quantity ′ (Ψ). Having expressed the second derivative 2 Ψ( )/ 2 in terms of the potential Ψ itself, we obtain
By differentiating Eq. (13) with respect to Ψ, we have
where Φ = Ψ/Ψ 0 , and the prime means the derivative with respect to Ψ. The quantity ′ (Ψ) can be easily found, by using definition (15) . Namely,
where = √︀ 2 + √ 8Ψ. The required integration in formula (16) can be easily performed numerically. The phase portrait of the double layer is depicted in Fig. 2 , and the limiting distributions of the free and trapped components at large distances from the double layer are exhibited in Fig. 3 .
Let us analyze the results obtained. In Fig. 3 , region I (gray) demonstrates the initial distribution in the free component before the acceleration. This component can be identified with the magnetospheric plasma.
Region II (green) illustrates the distribution in the trapped component at = ∞. Note that this distribution is symmetric and defined in the interval [− , + ]. Two specific features of this component can be distinguished. The maximum located at the center is naturally interpreted as a certain background atmosphere in the wake wave. The maximum located near the characteristic limiting velocity value − can be considered as a downward electron beam formed by the Io accelerating potential. After being reflected from the double layer, it forms a symmetric maximum near the velocity value + . Note that the specific form of the beam distribution function is a consequence of the artificial choice of the model double-layer potential profile (17) . In more realistic models, the distribution function for the trapped component can be different, and the potential profile will differ from expression (17) . Nevertheless, the simple model (17) allows the main features of the analyzed phenomenon to be analyzed qualitatively. Finally, region III (blue) exhibits the free component distribution after the shock wave has passed. These are electrons of the magnetospheric plasma that were accelerated by the double layer potential along the flux tube toward Io and backward from Jupiter. This component generates an upward beam with a low effective temperature, which satisfies the criterion of a transition into the CSR mode (2).
Conclusion
To summarize, the processes have been considered that can provide conditions for a polarization phase transition into the cyclotron superradiance mode in the region of the Io flux tube foot. A high power of CSR allows the latter to be considered as the main generation mechanism of decameter radio storms of the S-type, with the Jupiter-Io system being their source. It is shown that the plasma double layer in the region of the Io flux tube foot is responsible for the formation of dense cold electron bunches moving upward, for which a phase transition into the CSR mode is possible. The maximum of the effect is observed in the case where the double layer motion velocity is comparable with the thermal velocity of the electron plasma component. This velocity is typical of electrostatic shock waves in plasma. In turn, the shock waves with a double layer can arise as a result of the interaction between the Jovian ionospheric plasma and the electron fluxes accelerated by the Io potential and moving along the Io flux tube.
